Introduction {#sec1}
============

The self-assembly of AB diblock copolymers in a solvent that is selective for one of the two blocks has been known for more than 50 years.^[@ref1],[@ref2]^ A wide range of copolymer morphologies can be prepared in dilute solution using various postpolymerization processing strategies, such as solvent exchange,^[@ref3]^ pH switch,^[@ref4],[@ref5]^ or thin film rehydration.^[@ref6]^ In principle, the copolymer morphology depends on the relative volume fractions of the solvophilic and solvophobic blocks according to the packing parameter, *P* as introduced by Israelachvili and co-workers for surfactant self-assembly in 1976.^[@ref7]^ Highly anisotropic diblock copolymer nanoparticles variously described in the literature as rods,^[@ref8]−[@ref12]^ cylinders,^[@ref13],[@ref14]^ filomicelles,^[@ref15]−[@ref19]^ or worms^[@ref8],[@ref9],[@ref20]−[@ref23]^ (the latter term is preferred in this study) can be produced, but typically only within a relatively narrow *P* range (e.g., 0.33 \< *P* ≤ 0.50) compared to either spheres (*P* ≤ 0.33) or vesicles (0.50 \< *P* ≤ 1.00). It is also well-known that self-assembly of surfactants,^[@ref24]^ oligopeptides,^[@ref25]−[@ref27]^ or block copolymers^[@ref8],[@ref21],[@ref28]−[@ref36]^ can produce free-standing gels in various solvents.

Polymerization-induced self-assembly (PISA) has recently become established as a highly versatile method for the direct preparation of a wide range of diblock copolymer nano-objects in the form of *concentrated* dispersions (up to 50% solids).^[@ref37]−[@ref40]^ Briefly, PISA involves growing a second block from a soluble precursor block under conditions whereby the second block gradually becomes insoluble, hence driving *in situ* self-assembly to form sterically stabilized nanoparticles. In particular, such formulations enable the convenient and reproducible synthesis of a wide range of diblock copolymer worms in various solvents^[@ref28],[@ref32],[@ref41]−[@ref43]^ such as water,^[@ref8],[@ref16],[@ref21],[@ref32],[@ref44]−[@ref46]^ various alcohols,^[@ref47]−[@ref50]^ or *n*-alkanes.^[@ref28],[@ref51],[@ref52]^ In each case, free-standing gels can be obtained above a certain critical copolymer concentration known as the critical gelation concentration (CGT).^[@ref53]^ Moreover, such worm gels can exhibit interesting thermoresponsive behavior: adjusting the solution temperature leads to a worm-to-sphere transition, which leads to *in situ* degelation.^[@ref8],[@ref21],[@ref28],[@ref32],[@ref47]^ For example, poly(glycerol monomethacrylate)--poly(2-hydroxypropyl methacrylate) (PGMA--PHPMA) diblock copolymer worm gels undergo degelation on cooling from 20 to 5 °C.^[@ref21]^ This morphological transition is reversible at a sufficiently high copolymer concentration, with worm gels being re-formed on returning to 20 °C. Complementary behavior has been observed for nonaqueous worm gels, whereby heating is required to induce a worm-to-sphere transition.^[@ref28],[@ref47]^ In both cases these observations can be rationalized in terms of surface plasticization of the worm cores.^[@ref8],[@ref21],[@ref28],[@ref47]^ Verber et al.^[@ref21]^ characterized a series of PGMA~*x*~-PHPMA~*y*~ (herein denoted G~*x*~-H~*y*~) worm gels where the mean degree of polymerization (DP or *x*) of the PGMA block was fixed at 54 and that of the PHPMA block (*y*) was varied between 90 and 220. Spherical nanoparticles were formed when targeting *y* = 90, whereas linear worms were obtained for 130 ≤ *y* \< 140, branched worms produced at *y* = 145, and worm clusters observed at higher DPs (with vesicles eventually being formed at *y* = 170). Targeting higher DPs for the core-forming PHPMA block also led to an increase in the gel storage modulus (*G*′). Following this initial study, this prototypical diblock copolymer formulation was subsequently modified to tune the gel modulus^[@ref54],[@ref55]^ and also the CGT.^[@ref40],[@ref56]^

In principle, the reversible nature of the thermally induced worm-to-sphere transition can be exploited for facile sterilization via cold ultrafiltration: cold free-flowing spherical nanoparticles (30--40 nm diameter) easily pass through 0.45 μm pores, whereas the much larger (\>500 nm) bacteria are removed, with a sterile worm gel being re-formed on returning to 20 °C.^[@ref8]^ Furthermore, these thermoresponsive worm gels can be readily reconstituted from freeze-dried copolymer powder in either pure water, phosphate buffered saline, or various cell culture media.^[@ref57],[@ref58]^ Given that these worm gels are highly biocompatible, potential biological applications include a convenient 3D matrix for the proliferation of conventional cell lines,^[@ref55]^ a unique storage medium that induces stasis in human stem cells,^[@ref58]^ and a potential new approach for the cryopreservation of red blood cells.^[@ref59]^ Moreover, the gel modulus of G~*x*~-H~*y*~ worm gels can be significantly increased by incorporating disulfide bonds into the hydrophilic PGMA stabilizer block.^[@ref54],[@ref55],[@ref60]^

In this study, we revisit our "first generation" G~*x*~-H~*y*~ worm gel formulation to examine its properties in more detail. More specifically, we systematically adjust the mean DPs of the PGMA and PHPMA blocks to generate three worm gels of varying worm cross-sectional diameter (hereafter denoted the worm thickness; see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). We utilize a combination of dynamic light scattering (DLS), oscillatory rheology, and small-angle X-ray scattering (SAXS) to demonstrate remarkably diverse behavior for such worm dispersions. We also conduct variable temperature shear-induced polarized light imaging (SIPLI) experiments.^[@ref61],[@ref62]^ This rheo-optical technique has been used to identify the onset of shear-induced crystallization in both synthetic polymers^[@ref62]^ and silk^[@ref63]^ and also to study the structural orientation in block copolymer solutions^[@ref62]^ and liquid crystals.^[@ref60]^ More recently, SIPLI has been used to demonstrate that G~*x*~-H~*y*~ worms can be aligned under shear and also to obtain characteristic worm relaxation times after cessation of shear.^[@ref61]^

![(a) Chemical Structure of Poly(glycerol monomethacrylate)--Poly(2-hydroxypropyl methacrylate) Diblock Copolymer (G~*x*~-H~*y*~; Where *x* = 37, 54, and 71 and *y* = 80, 140, and 200); (b) Schematic Representation of the Increase in Cross-Sectional Worm Radius When Increasing the Mean Degree of Polymerization of the Corona PGMA and the Core-Forming PHPMA Block](ma-2018-01617p_0015){#sch1}

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Glycerol monomethacrylate (GMA; 99.8%) and 2-hydroxypropyl methacrylate (HPMA) were kindly donated by GEO Specialty Chemicals (Hythe, UK). The latter monomer was extensively purified by distillation to remove its dimethacrylate impurity, which can otherwise result in significant branching and/or cross-linking.^[@ref64]^ 2-Cyano-2-propyl dithiobenzoate (CPDB, 75% purity as judged by ^1^H NMR spectroscopy) was purchased from Strem Chemicals (Cambridge, UK). 4,4′-Azobis(4-cyanopentanoic acid) (ACVA; V-501; 99%) and anhydrous ethanol (99%) were purchased from Sigma-Aldrich (Dorset, UK). All other solvents were of HPLC quality and purchased from Fisher Scientific (Loughborough, UK). Deionized water was used in all experiments. CD~3~OD (99.8%) was purchased from Goss Scientific (Nantwich, UK) and used as received.

Synthesis of Poly(glycerol monomethacrylate) Using CPDB {#sec2.2}
-------------------------------------------------------

The RAFT solution polymerization of GMA was conducted in ethanol at 70 °C. This protocol afforded PGMA macromolecular chain transfer agents (macro-CTAs; denoted G~x~) with narrow molecular weight distributions in high yield with mean DPs of 37, 54, or 71 detected by ^1^H NMR and dimethylformamide (DMF) gel permeation chromatography (GPC) ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf)). A typical protocol for such syntheses is as follows. For a target composition of PGMA~54~ (G~54~), GMA monomer (110.9 g, 0.692 mol) and CPDB RAFT agent (3.015 g, 11.0 mmol; target conversion = 80% and target DP = 50) were weighed into a 500 mL round-bottomed flask and purged with N~2~ for 30 min. ACVA initiator (0.570 g, 2.03 mmol; CPDB/ACVA molar ratio = 5.0) and anhydrous ethanol (78.0 g; previously purged with N~2~ for 30 min) were then added, and the resulting red solution was degassed for a further 10 min while stirring to form a homogeneous solution. The flask was subsequently sealed and immersed in an oil bath set at 70 °C. After 120 min, the GMA polymerization was quenched by exposing the reaction solution to air, immersing the reaction flask in liquid nitrogen for 30 s, and finally dilution with methanol (100 mL). A final GMA conversion of 85% was determined by ^1^H NMR analysis. The methanolic solution was precipitated twice into a 10-fold excess of dichloromethane. After filtering and washing with dichloromethane, the crude homopolymer was dissolved in water, and residual dichloromethane was evaporated under vacuum. The resulting aqueous solution was freeze-dried to yield ∼85 g of product in the form of a pink powder. ^1^H NMR analysis indicated a mean DP of 54 for this PGMA macro-CTA. DMF GPC analysis indicated an *M*~n~ of 14200 g mol^--1^ and an *M*~w~/*M*~n~ of 1.16 \[vs poly(methyl methacrylate) calibration standards\].

Preparation of Worm Gels via RAFT Aqueous Dispersion Polymerization of HPMA {#sec2.3}
---------------------------------------------------------------------------

A typical protocol for the synthesis of a G~*x*~-H~*y*~ worm gel (for example, a G~54~-H~140~ composition) is as follows. G~54~ macro-CTA (3.60 g, 0.395 mmol) and HPMA monomer (8.0 g, 55.49 mmol; target DP = 140) were weighed into a 100 mL round-bottomed flask and purged with N~2~ for 20 min. ACVA was added (28.3 mg, 0.101 mmol, CTA/ACVA molar ratio = 5.0) and purged with N~2~ for a further 5 min. Deionized water (46.1 mL, producing a 20.0% w/w aqueous solution), which had been previously purged with N~2~ for 30 min, was then added, and the solution was purged for a further 5 min prior to immersion in an oil bath set at 70 °C. The reaction solution was stirred for 3 h before the HPMA polymerization was quenched by exposure to air. The absence of signals owing to the vinyl protons of the HPMA monomer in the ^1^H NMR spectrum indicated that the polymerization had attained more than 99% conversion. The resulting dispersion formed a pink free-standing gel.

NMR Spectroscopy {#sec2.4}
----------------

^1^H NMR spectra were recorded using a 400 MHz Bruker Avance-400 spectrometer with 64 scans being averaged per spectrum.

Gel Permeation Chromatography {#sec2.5}
-----------------------------

0.50% w/w copolymer solutions were prepared in DMF containing DMSO (10 μL mL^--1^) as a flow-rate marker. GPC measurements were conducted using HPLC-grade DMF eluent containing 10 mM LiBr at 60 °C at a flow rate of 1.0 mL min^--1^. An Agilent Technologies 1260 Infinity GPC/SEC system fitted with two Polymer Laboratories PL gel 5 μm Mixed-C columns connected in series, and a refractive index detector was used to assess molecular weight distributions. Sixteen near-monodisperse poly(methyl methacrylate) standards ranging from *M*~p~ = 645 to 2480000 g mol^--1^ were used for calibration.

Dynamic Light Scattering (DLS) {#sec2.6}
------------------------------

Variable temperature DLS studies were conducted on 0.1% w/w aqueous copolymer dispersions using a Malvern Zetasizer Nano ZS instrument. Measurements were conducted from 40 to 2 °C in 1 °C increments, with an equilibration time of 2 min being allowed at each temperature. Intensity-average hydrodynamic diameters were calculated using the Stokes--Einstein equation and a non-negative least-squares (NNLS) algorithm. All data were averaged over three consecutive runs comprising ten measurements each. For highly anisotropic wormlike particles, it is emphasized that DLS reports a "sphere-equivalent" diameter that corresponds to neither the mean worm length nor the mean worm width. Nevertheless, DLS can be used to monitor the relative changes in particle size that may occur during thermal cycles as a result of a worm-to-sphere transition.

Transmission Electron Microscopy (TEM) {#sec2.7}
--------------------------------------

Diblock copolymer dispersions were diluted 50-fold to 0.20% w/w at 20 °C (for G~54~-H~140~ and G~71~-H~200~) or 50 °C (for G~37~-H~80~) prior to staining. Copper/palladium TEM grids (Agar Scientific, UK) were surface-coated in-house to yield a thin film of amorphous carbon. The grids were then treated with a plasma glow discharge for 45 s to create a hydrophilic surface. One 12 μL droplet of each aqueous copolymer dispersion was then placed onto a freshly treated grid for 30 s and then blotted with filter paper to remove excess solution. To stain the deposited nanoparticles, a 0.75% w/w aqueous solution of uranyl formate (9 μL) was placed via micropipet on the sample-loaded grid for 20 s and then carefully blotted to remove excess stain. Each grid was then carefully dried using a vacuum hose. Imaging was performed using a FEI Tecnai Spirit TEM instrument equipped with a Gatan 1kMS600CW CCD camera and operating at 80 kV.

Rheology Measurements {#sec2.8}
---------------------

An AR-G2 rheometer equipped with a variable temperature Peltier plate and a 40 mm 2° aluminum cone was used for all experiments. An oscillatory mode was used to measure viscosity, loss modulus (*G*″), and storage modulus (*G*′) as a function of percentage strain amplitude, angular frequency, and temperature to assess critical gelation temperatures, gel strengths, and gel viscosities. Percentage strain amplitude sweeps between 0.1 and 500 rad s^--1^ were conducted at constant temperatures where worms were the dominant morphology (40 °C for G~37~-H~80~ and 25 °C for G~54~-H~140~ and G~71~-H~200~) using angular frequencies of either 1 or 10 rad s^--1^. Angular frequency sweeps were conducted at the same temperatures as the strain sweeps using an applied strain amplitude of 1.0%. Temperature sweeps were conducted using the same applied strain amplitude and at angular frequencies of either 1 or 10 rad s^--1^. Measurements were recorded at 1 °C intervals, allowing 3 min for thermal equilibration in each case.

SAXS Measurements {#sec2.9}
-----------------

Small-angle X-ray scattering patterns were recorded using three X-ray radiation sources: Diamond Light Source synchrotron (Didcot, UK), station I22 (λ = 0.1001 nm, camera length = 10.0 m and Dectris Pilatus 2 M pixel detector), European Synchrotron Radiation Facilities (ESRF, Grenoble, France), station ID02 (λ = 0.1 nm, camera length = 3.0 m and Rayonix MX-170HS CCD detector), and a laboratory SAXS instrument (Xeuss 2.0, Xenocs, France) equipped with a liquid gallium MetalJet X-ray source (Excillum, Sweden) (λ = 0.134 nm, camera length = 3.8 m, and Dectris Pilatus 1M pixel detector). The latter was used for concentration-dependent measurements. In such experiments the scattering vector *q* is given by , where θ is a half of the scattering angle. 2.0 mm glass capillaries were used as sample holders and where required, the temperature was controlled using a heating/cooling capillary stage (Linkam Scientific Instruments Ltd., Tadworth, UK). SAXS measurements were conducted after dilution of each as-synthesized 20% w/w copolymer dispersion to the desired concentration using deionized water. 2D scattering data obtained at synchrotron sources were reduced to 1D patterns using standard beamline data-handling protocols, whereas data collected by the Xenocs Xeuss 2.0 instrument were reduced using the Foxtrot software package developed at SOLEIL synchrotron. All such data were further reduced (i.e., normalized and background-subtracted) and then fitted by a structural model using Irena SAS macros for Igor Pro.^[@ref65]^

Structural data were determined by fitting 1D SAXS patterns to an appropriate model for spheres and/or worms (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf) for the model description). In particular, this approach enabled calculation of the mean worm core radius, (*R*~cw~), sphere core radius, (*R*~cs~), the radius of gyration of the PGMA stabilizer chains (*R*~g~), the mean water content within the PHPMA cores (*x*~sol~), the worm contour length (*L*~c~), and the worm Kuhn length (*L*~k~).

Shear-Induced Polarized Light Imaging {#sec2.10}
-------------------------------------

A mechano-optical rheometer (Anton Paar Physica MCR301 equipped with a SIPLI attachment) was used for the time-resolved shear alignment experiments. This recently commercialized instrument has been described in detail elsewhere.^[@ref61]^ The measurements were performed using a plate--plate geometry composed of a 25 mm polished steel top plate and a fused quartz bottom plate coupled with a variable temperature Peltier system. The gap between plates *d*~gap~ was set at 1.0 mm for all experiments. An additional Peltier hood was used to achieve precise control of the sample temperature. An Edmund Optics 150 W MI-150 high-intensity fiber-optic white light source was used for sample illumination. The polarizer and analyzer axes were crossed at 90° to obtain polarized light images (PLIs), which were recorded using a color CCD camera (Lumenera Lu165c). The dispersion effective viscosity was measured simultaneously by the mechanical rheometer as a function of temperature at a heating/cooling rate of 1.0 °C min^--1^ at a constant angular speed of 0.8 rad s^--1^. For worm relaxation studies, dispersions were subjected to this angular speed for 60 s at various temperatures, prior to cessation of shear. Images were captured at 250 ms intervals until the birefringence was no longer visible (i.e., complete disappearance of the characteristic Maltese cross pattern). The resulting polarized light images were stacked and then sliced by a plane forming an angle of 45° with polarizer and analyzer axes and perpendicular to the imaging plane^[@ref60]^ using ImageJ software. The obtained 2D image was subsequently converted to grayscale and exported as a text file containing the relative intensities of each pixel. The intensity along the line of the 2D image corresponding to a shear rate, γ̇ of 5 s^--1^ was plotted vs time, giving an exponential decay curve, from which a characteristic relaxation time, τ~1~, can be extracted and thus the relaxation half-life, τ~1/2~, calculated, where τ~1/2~ = τ~1~ ln(2).

Results and Discussion {#sec3}
======================

Initially, three PGMA macro-CTAs were prepared via RAFT solution polymerization at 70 °C in ethanol by varying the monomer/CTA molar ratio to adjust the target DP. ^1^H NMR studies of these purified macro-CTAs indicated mean DPs of 37, 54, and 71 (by comparing the integrated aromatic dithiobenzoate signals between 7.36 and 7.94 ppm to those corresponding to the combined signals assigned to the protons associated with the pendent GMA repeat units between 3.40 and 4.29 ppm). *M*~n~ values of 10600, 14200, and 17400 g mol^--1^ were obtained from DMF GPC analysis (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf)), which confirmed the expected systematic increase in *M*~n~ for these three macro-CTAs ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf)).

To determine the appropriate mean PHPMA DP required to target the worm morphology for each of the three PGMA stabilizer blocks, a suitable phase diagram was constructed based on the copolymer morphologies previously assigned via *post-mortem* TEM analyses for this PISA formulation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref21],[@ref43],[@ref57],[@ref66]^ This phase diagram was used to predict specific diblock copolymer compositions for PISA syntheses conducted at 20% w/w solids that corresponded to a pure worm morphology in each case (e.g., G~37~-H~80~, G~54~-H~140~, and G~71~-H~200~). It has to be noted that some PISA syntheses were conducted at 10% w/w solids, but in such cases the PGMA stabilizer block was sufficiently short that the copolymer morphology was essentially concentration-independent;^[@ref43]^ thus, such data could be legitimately included in the phase diagram ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). ^1^H NMR studies confirmed that each polymerization proceeded to more than 99% HPMA conversion based on the disappearance of vinyl proton signals initially observed at 5.5 and 6.2 ppm ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf)). DMF GPC studies confirmed a systematic increase in *M*~n~ with target DP ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), while *M*~w~/*M*~n~ values remained below 1.15 in all cases.

![Phase diagram constructed for G~*x*~-H~*y*~ diblock copolymer nano-objects to determine the precise copolymer composition for the pure worm phase. Each point represents the copolymer morphology assigned on the basis of *post-mortem* TEM studies. Green squares indicate spheres, red circles indicate worms, and blue squares indicate vesicles. Shaded boundaries represent regions of uncertainty. The three stars indicate the specific copolymer compositions used in this study. All copolymer syntheses were conducted at 20% w/w solids except for those involving PGMA DPs below 47, which were conducted at 10% w/w solids. These can be included in this phase diagram because the copolymer morphologies produced using such short stabilizer blocks exhibit no concentration dependence.](ma-2018-01617p_0001){#fig1}

![DMF gel permeation chromatograms recorded for the three diblock copolymers used in this work: G~37~-H~80~, G~54~-H~140~, and G~71~-H~200~. *M*~n~ and *M*~w~/*M*~n~ values were calculated relative to a series of 16 near-monodisperse poly(methyl methacrylate) calibration standards.](ma-2018-01617p_0002){#fig2}

TEM studies ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) conducted on each of these dried copolymer dispersions confirmed the presence of diblock copolymer worms for G~54~-H~140~ and G~71~-H~200~. However, the TEM image obtained for the G~37~-H~80~ dispersion was inconclusive, despite tube inversion experiments indicating the formation of a free-standing gel ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, inset). It has to be noted that TEM studies are performed at relatively low copolymer concentrations (0.20 w/w %) which could cause morphological transformation of the self-assembled copolymer nano-objects upon dilution from concentrated dispersions.

![TEM images obtained for (a) G~37~-H~80~, where no discernible copolymer morphologies were observed owing to molecular dissolution on dilution, (b) G~54~-H~140~ copolymer worm, and (c) G~71~-H~200~ copolymer worms. Each copolymer dispersion was diluted from 20% to 0.20% w/w using water (pH 6) at 20 °C. Inset digital images were recorded for 20% w/w dispersions.](ma-2018-01617p_0003){#fig3}

In this respect SAXS is a more reliable technique which enables analysis of copolymer dispersions at high concentrations to be performed. Accordingly, SAXS studies have confirmed a wormlike morphology in all three cases ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). More specifically, each SAXS pattern clearly exhibited a gradient close to −1 in the low *q* region, as expected for highly anisotropic rods/cylinders/worms; similar findings have been recently reported for various types of diblock copolymer worms prepared using PISA.^[@ref28],[@ref40],[@ref67]^ Furthermore, the intensity minimum observed at higher *q* associated with the worm cross-sectional radius for G~37~-H~80~, G~54~-H~140~, and G~71~-H~200~ lies at approximately 0.55, 0.4, and 0.3 nm^--1^, respectively, indicating an increase in the cross-sectional radius with higher copolymer molecular weight. Fitting each SAXS pattern using a wormlike micelle model enabled extraction of several parameters ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}): *R*~cw~ values for the G~37~-H~80~, G~54~-H~140~, and G~71~-H~200~ worms were determined to be 5.6, 8.4, and 10.8 nm, respectively ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

![Small-angle X-ray scattering (SAXS) patterns for aqueous dispersions of G~37~-H~80~ (1.0% w/w), G~54~-H~140~ (1.0% w/w), and G~71~-H~200~ (1.0% w/w) diblock copolymer worms. G~54~-H~140~ and G~71~-H~200~ were recorded at 25 °C, whereas G~37~-H~80~ was recorded at 35 °C to ensure that its original worm morphology was retained on dilution. The red solid curves are calculated fits to the data using a wormlike micelle model (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf)). A gradient of −1 is indicated as guidance for the eye. Each SAXS pattern is offset by an arbitrary multiplication factor to avoid overlap of the data. The fitting results are presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.](ma-2018-01617p_0004){#fig4}

![Schematic representation of the various structural parameters obtained by fitting a wormlike micelle and/or a spherical micelle model to experimental SAXS data. *R*~c~ corresponds to *R*~cs~ when considering the sphere core radius and *R*~cw~ when considering the worm core cross-sectional radius. Similarly, *d* corresponds to *d*~s~ when considering the sphere core radius and *d*~w~ when considering the worm core cross-sectional diameter.](ma-2018-01617p_0005){#fig5}

###### Summary of Copolymer Molecular Weight Data (Number-Average Molecular Weight, *M*~n~, and Dispersity, *M*~w~/*M*~n~) Obtained from DMF GPC (Using Refractive Index Detection vs a Series of Near-Monodisperse PMMA Standards) and Various Structural Parameters Obtained from Fitting SAXS Patterns Recorded for 1.0% w/w Aqueous Dispersions of G~*x*~-H~*y*~ Diblock Copolymer Worms[a](#tbl1-fn1){ref-type="table-fn"}

                 GPC     SAXS                                    
  -------------- ------- ------ ------ ----- ------ ------ ----- --------
  G~37~-H~80~    21300   1.13   5.6    1.4   16.8   0.14   192   866
  G~54~-H~140~   31800   1.12   8.4    1.9   24.4   0.02   246   970
  G~71~-H~200~   43900   1.14   10.8   2.4   31.2   0.02   570   \>1500

G~54~-H~140~ and G~71~-H~200~ were recorded at 25 °C, whereas G~37~-H~80~ was recorded at 35 °C to ensure that its original worm morphology was retained on dilution \[mean worm core radius (*R*~cw~), radius of gyration of the G~*x*~ stabilizer chains (*R*~g~), total worm cross section (*d*~w~ = 2*R*~cw~ + 4*R*~g~), worm contour length (*L*~c~), worm Kuhn length (*L*~k~), and solvent fraction in the worm cores (*x*~sol~)\].

Similarly, the radius of gyration (*R*~g~) for the G~37~, G~54~, and G~71~ stabilizer blocks was determined to be 1.4, 1.9, and 2.4 nm, respectively. These radii are physically reasonable compared to the calculated theoretical values of 1.6, 1.9, and 2.2 nm (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf) for further details). *R*~cw~ and *R*~g~ were subsequently used to calculate the overall worm cross-sectional diameter, *d*~w~, where *d*~w~ = 4*R*~g~ + 2*R*~cw~. These diameters were determined to be 16.8, 24.4, and 31.2 nm for G~37~-H~80~, G~54~-H~140~, and G~71~-H~200~, respectively ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Sugihara et al.^[@ref42]^ estimated worm cross-sectional diameters ranging from 22 to 41 nm for PMPC~25~-PHPMA~*x*~ worms, when *x* was varied between 220 and 400. The diameter obtained for the G~*x*~-H~*y*~ worms is significantly smaller, which most likely reflects the use of TEM to characterize PMPC-PHPMA worms compared to SAXS characterization of the G~*x*~-H~*y*~ worms in this study. In this context, it is important to recognize that imaging techniques such as TEM and atomic force microscopy (AFM) are used to analyze dehydrated worms prepared by drying dilute dispersions, whereas SAXS measurements are conducted on aqueous worm dispersions. The latter technique is much more statistically robust because X-ray scattering data are averaged over millions of worms. In contrast, far fewer worms are typically analyzed using TEM or AFM. For example, inspection of the TEM images shown in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b and [3](#fig3){ref-type="fig"}c suggests approximate worm cross-sectional diameters of 20 ± 5 and 24 ± 7 nm (averaged over 50 measurements in each case) for G~54~-H~140~ and G~71~-H~200~ worms, respectively. Furthermore, it is not clear whether the TEM measurements include both the worm cores and (part of) the worm coronas or are restricted to just the worm cores.

The worm cross-sectional radius, *R*~cw~, determined by SAXS analysis of the three G~*x*~-H~*y*~ worms described herein can be fitted to a power law such that 2*R*~cw~ = *kN*^α^ (where *k* is a constant that depends on the Flory--Huggins parameter, *N* is the DP of the PHPMA block, and α is an exponent that depends on the extent of chain stretching within the worm cores). An α exponent of 0.70 is obtained from this power law fit (data not shown), indicating that the core-forming PHPMA chains are intermediate between their fully stretched and unperturbed states.

The volume fraction of water within the worm cores, *x*~sol~, remains relatively low (0.02) for both G~54~-H~140~ and G~71~-H~200~ at 25 °C but increases up to 0.14 for G~37~-H~80~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This agrees with observations made during variable temperature ^1^H NMR studies; the pendent methyl signal at 1.4 ppm assigned to the HPMA repeat units is more prominent for G~37~-H~80~ than for the other two copolymers, indicating that the former is more plasticized ([Figures S3--S5](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf)). This is also consistent with the apparent partial dissociation of such G~37~-H~80~ worms on dilution prior to TEM studies ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Unfortunately, overlapping ^1^H NMR signals in this spectral region prevents more quantitative analysis.

The worm contour length, *L*~c~, and Kuhn length, *L*~k~, can also be determined by fitting the SAXS data. However, the limited *q* range accessed in our SAXS experiments means that these parameters are not particularly reliable. Nevertheless, the SAXS model has indicated that *L*~c~ exceeds 800 nm for all three types of worms, with larger *L*~c~ values being observed with increasing copolymer molecular weight. These results are in a reasonable correlation with the TEM observations ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Interestingly, *L*~k~ also increases with molecular weight; this latter parameter provides an indication of the worm stiffness. Hence, higher copolymer molecular weights lead to less flexible worms, presumably owing to the greater degree of chain entanglements for the PHPMA blocks within the worm cores.

Variable Temperature Studies {#sec3.1}
----------------------------

The thermal response of the G~x~-H~y~copolymer dispersions was initially tested by conducting variable temperature DLS studies on 0.1% w/w aqueous dispersions of the G~37~-H~80~, G~54~-H~140~, and G~71~-H~200~ worms ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The G~37~-H~80~ worms had a "sphere-equivalent" *z*-average diameter of 60 nm at 40 °C, which suggests the presence of relatively short worms and perhaps also some spherical dimers or trimers ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a).^[@ref8]^ On cooling to 15 °C, a gradual reduction in *z*-average diameter to 35 nm was observed, which suggests at least partial worm breakup to produce mainly spheres. Below 15 °C, the scattered light intensity became much weaker and the particle size data became less reliable, which is consistent with the formation of *molecularly dissolved* copolymer chains. Similar observations were made by Kocik and co-workers, who used SAXS to study a G~57~-H~140~ diblock copolymer at subambient temperature and estimated an aggregation number of 4 at 2 °C.^[@ref57]^

![Variable-temperature dynamic light scattering studies showing the sphere-equivalent diameter determined during thermal cycles conducted on 0.1% w/w dilute aqueous dispersions of (a) G~37~-H~80~, (b) G~54~-H~140~, and (c) G~71~-H~200~ worms. Filled symbols indicate the (first) cooling cycle, whereas hollow symbols indicate the heating cycle.](ma-2018-01617p_0006){#fig6}

In this study, the change in G~37~-H~80~ copolymer morphology is fully reversible, with no discernible hysteresis. Presumably, its relatively low molecular weight favors dynamic exchange of copolymer chains. In this context, it is noteworthy that Blanazs and co-workers reported that a PHPMA DP of 92 was required to induce micellar aggregation during the RAFT aqueous dispersion polymerization of HPMA.^[@ref30]^ Moreover, during such PISA syntheses the unreacted HPMA monomer is expected to act as a cosolvent for the growing weakly hydrophobic PHPMA chains, thus delaying the onset of nucleation. Hence, the DP of the weakly hydrophobic block in the G~37~-H~80~ copolymer most likely lies close to the minimum value required for micellar self-assembly.

For a 0.1% w/w aqueous dispersion of G~54~-H~140~ worms, DLS studies indicated that an initial "sphere-equivalent" diameter of 390 nm at 40 °C was reduced to 45 nm at 9 °C, suggesting a worm-to-sphere transition. Further cooling to 2 °C resulted in a low count rate producing erratic DLS results. On heating this sample, a constant size of ∼48 nm was recorded, indicating the worms were not re-formed, instead remaining as kinetically trapped spheres throughout the heating ramp. The reduction in size also occurred for the 0.1% w/w aqueous dispersion of G~71~-H~200~ worms ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c), where the sphere-equivalent diameter reduced from 284 to ∼45 nm at 2 °C. Interestingly, erratic values for the size were not observed at low temperatures for this sample, presumably due to the high molecular weight of the copolymer preventing dissolution. Again, no increase in size occurred during the heating cycle. This indicates that the spheres remain kinetically trapped under such conditions, presumably because the longer PGMA block confers sufficient steric stabilization to prevent efficient sphere--sphere fusion, at least on normal experimental time scales. Similar hysteresis has been reported previously for G~x~-H~y~ PHPMA worms^[@ref21]^ and other stimulus-responsive micellar systems.^[@ref32],[@ref68]−[@ref71]^ This most likely reflects the highly cooperative nature of the sphere--sphere fusion events that are required to re-form the worms during the heating cycle. In contrast, worm dissociation to form spheres most likely proceeds via a concentration-independent "worm budding" mechanism, as described by Fielding and co-workers.^[@ref28]^

Oscillatory rheology studies conducted on the three worm gels at copolymer concentrations of 10% w/w ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a--c) and 20% w/w ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d--f) confirmed their thermoresponsive nature in each case. At 10% w/w, the G~54~-H~140~ worm dispersion underwent degelation on cooling from 40 to 2 °C followed by regelation on returning to 40 °C, as previously reported.^[@ref21]^ The critical gelation temperature (CGT, which is defined as the crossover temperature for the *G*′ and *G*″ curves) was determined to be 15 °C on cooling and 16 °C on heating. This represents rather milder hysteresis than that observed during the variable temperature DLS experiments, performed on dispersions with low copolymer concentration, but again suggests that worm dissociation occurs more readily than sphere--sphere fusion. Interestingly, the G~71~-H~200~ worms exhibit qualitatively different behavior at the same 10% w/w copolymer concentration: a CGT of 16 °C was observed on cooling, but regelation did not occur on the time scale of this rheology experiment, which involved an equilibration time of 3 min at each temperature. Clearly, the longer PGMA block confers more effective steric stabilization, which impedes sphere--sphere fusion. Moreover, the longer PHPMA block is more hydrophobic and hence less thermoresponsive.^[@ref72]−[@ref74]^ Similar behavior has been reported for PEG-PHPMA^[@ref41]^ and PSBMA-PHPMA^[@ref31]^ PISA formulations possessing PHPMA blocks of comparable DP.

![Temperature-dependent oscillatory rheology studies obtained on cooling (red data) and heating (black data) aqueous dispersions of three types of G~*x*~-H~*y*~ worms: (a) 10% w/w G~37~-H~80~, (b) 10% w/w G~54~-H~140~, (c) 10% w/w G~71~-H~200~, (d) 20% w/w G~37~-H~80~, (e) 20% w/w G~54~-H~140~, and (f) 20% w/w G~71~-H~200~. Closed symbols represent *G*′, and open symbols represent *G*″. Oscillatory shear conditions: angular frequency = 10 rad s^--1^, applied strain amplitude = 1.0%.](ma-2018-01617p_0007){#fig7}

On cooling a 10% w/w G~37~-H~80~ worm dispersion from 40 to 29 °C, an *increase* in both *G*′ and *G*″ was observed, followed by the anticipated reduction on further cooling. Bearing in mind observations made by Verber et al.,^[@ref21]^ such maxima most likely correspond to the formation of highly linear worms at around 29 °C, with branched worms and/or worm clusters being initially present at 40 °C which are break up on shear. These G~37~-H~80~ worms eventually undergo the expected worm-to-sphere transition (and hence degelation) on cooling. However, although both *G*′ and *G*″ increase on heating this dispersion, a CGT is not observed until 34 °C.

To observe fully reversible (de)gelation behavior for all three worm dispersions, the copolymer concentration had to be increased up to 20% w/w ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d--f). This also eliminated hysteresis, since sphere--sphere fusion becomes more favorable at such a high copolymer concentration. However, although degelation occurs on cooling, the cold free-flowing G~54~-HP~140~ and G~71~-H~200~ dispersions remain relatively viscous at 2 °C, even after equilibration overnight (\>16 h). This indicates the presence of short worms, which suggests that the worm-to-sphere transition is not complete at this relatively high copolymer concentration. This observation is supported in the rheo-optical studies discussed later.

Such rheology measurements enable tan δ to be calculated, where tan δ = *G*″/*G*′ and *G*′ and *G*″ represent the energy per unit strain that is either stored or dissipated within these worm gels.^[@ref75]^ Examining the angular frequency dependence of *G*′ and *G*″ of each worm dispersion at temperatures above the CGT where the gel moduli plateau ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf)) enabled determination of tan δ. At 10 rad s^--1^, the G~37~-H~80~, G~54~-H~140~, and G~71~-H~200~ worm dispersions exhibited tan δ values of 0.94 at 35 °C, 0.74 at 25 °C, and 0.55 at 25 °C, respectively. This systematic reduction indicates less efficient energy dissipation with increasing copolymer molecular weight. The lower molecular weight chains are likely to be less entangled and hence more mobile within the worm cores, allowing relatively efficient energy dissipation compared to the more entangled higher molecular weight chains. Moreover, the G~37~-H~80~ copolymer worms are likely to undergo dissociation and re-formation under shear, as reported for conventional low molecular weight surfactant worms.^[@ref76]^ This would provide an additional energy dissipation mechanism, which is not available for the higher molecular weight copolymer worms.

Previous studies on G~54~-H~140~ worms indicated that systematically reducing the copolymer concentration to ∼4.0% w/w led to physical degelation, as judged by rheological measurements.^[@ref21]^ Below this critical gelation concentration (CGC), *G*′ remained below *G*″ at all temperatures. In these earlier experiments, it was not possible to directly determine the morphology at this copolymer concentration because TEM and DLS both require a significantly lower copolymer concentration (≤0.2% w/w). In contrast, SAXS enables the copolymer morphology to be determined over the 1--5% w/w concentration range. After equilibration at 25 °C for 24 h, SAXS patterns were recorded over a range of copolymer concentrations ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and [Figure S7a](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf)). At this temperature, SAXS patterns exhibited a gradient of ∼−1 at low *q*, indicating a rodlike morphology,^[@ref77]^ and also a feature at higher *q* (∼0.4 nm^--1^), corresponding to the worm cross-sectional diameter. These observations confirm that dilution of this copolymer composition at ambient temperature has no effect on the worm morphology. *Hence, the physical degelation that occurs below the CGC of around 4.0% w/w does not indicate loss of the worm morphology; instead, it simply indicates that there are no longer sufficient interworm contacts to maintain a 3D gel network.*([@ref53]) However, qualitatively different behavior was observed for each copolymer concentration on cooling to 2 °C ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Figure S7b](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf)). Each SAXS pattern recorded at this subambient temperature exhibited a low *q* gradient of close to zero at concentrations of 2.0% w/w copolymer and above, indicating the presence of spheres (and possibly, minor populations of dimers and trimers).^[@ref8],[@ref77]^ At 0.5% w/w copolymer concentration ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b), a significant reduction in X-ray scattering intensity was observed at 2 °C at low *q* with a concomitant increase at higher *q*. This suggests a further morphology transition from spheres to weakly interacting chains.^[@ref40]^ This is not surprising given that the PHPMA block becomes more solvated (i.e., less hydrophobic) at lower temperature.^[@ref8]^

![Representative small-angle X-ray scattering (SAXS) patterns recorded for aqueous dispersions of a G~54~-H~140~ diblock copolymer (a) at 5.0% w/w and (b) 0.50% w/w. Black data were recorded at 25 °C before conducting the thermal cycle. Blue data were obtained after cooling to 2 °C and equilibrating for 30 min. Red data were recorded after reheating to 25 °C and equilibrating for 24 h. A gradient of −1 is provided as a guide for the eye. A full set of SAXS data for various sample concentrations is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf) (Figure S7).](ma-2018-01617p_0008){#fig8}

On returning to 25 °C and equilibrating for 24 h, the SAXS pattern recorded for the aqueous G~54~-H~140~ dispersion after this thermal cycle was more or less superimposable on the original pattern, indicating that the original worms are eventually reconstituted even at copolymer concentrations as low as 0.50% w/w ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Figure S7c](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf)). These observations differ from those made during the variable temperature DLS studies, which indicated that over the time scale of the experiment the worm-to-sphere transition was *irreversible* at 0.1% w/w. Perhaps, a 5-fold difference in copolymer concentration in these experiments significantly reduces the probability of worm reconstitution.

Temperature-dependent SAXS measurements were also conducted on a 5.0% w/w G~54~-H~140~ copolymer dispersion to study the sphere-to-worm transition ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). This copolymer concentration was chosen to ensure fully reversible gelation while minimizing the structure factor contribution to the scattering pattern, which can otherwise complicate data analysis. The SAXS pattern recorded at 5 °C for G~54~-H~140~ exhibited a zero gradient at low *q*, as expected for spheres. On heating, a gradual change is observed at around *q* = 0.4 nm^--1^, where this feature corresponds to either the sphere diameter, *d*~s~, or the worm core cross-sectional diameter, *d*~w~ (see schematic representation in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). In addition, the gradient at low *q* tends toward −1 at higher temperature, which indicates the formation of highly anisotropic/cylindrical nanoparticles (i.e., worms).^[@ref77]^ These SAXS patterns were fitted to worm micelle and/or spherical micelle models^[@ref28]^ to extract further structural information. The 5 °C pattern easily fit a spherical micelle model alone, but measurements above this temperature required a two-population (i.e., sphere plus worm) model to obtain satisfactory data fits.

![Small-angle X-ray scattering (SAXS) patterns obtained for a 5.0% w/w aqueous dispersion of G~54~-H~140~ diblock copolymer nano-objects recorded on heating from 5 to 25 °C. The red solid lines are calculated fits to the data using a combination of spherical micelle and wormlike micelle models. Gradients of 0 and −1 are provided as guidance for the eye. Each SAXS pattern is offset by an arbitrary multiplication factor (shown at the right side of the patterns) for clarity. These data confirm a fully reversible sphere-to-worm transition for this copolymer under the stated conditions.](ma-2018-01617p_0009){#fig9}

Between 10 and 20 °C, the worm contour length, *L*~c~, increases from 96 nm at 10 °C to 521 nm at 20 °C ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). At higher temperatures, it was not possible to obtain a reliable value for *L*~c~ since it is beyond the recorded *q *range. However, it is reasonable to state that *L*~c~ is over 2000 nm in each case ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). Fitting both populations also enables the relative volume fraction of polymer forming either worms (*x*~worm~) or spheres (*x*~sphere~) to be calculated for each temperature. A gradual increase in *x*~worm~ at the expense of spheres is observed from 10 to 25 °C, at which 95% of the polymer forms worms. These observations suggest that the mechanism for the morphological evolution from spheres to worms involves multiple 1D fusion events between each species. Such SAXS observations, where *x*~worm~ and *L*~c~ are increasing are consistent with the increase in viscosity/gel strength observed during rheological experiments. The effect of varying *L*~c~ on gel strength has also been observed for surfactant worms^[@ref78]^ and has been recently rationalized in the context of percolation theory for this particular polymer formulation by Lovett and co-workers.^[@ref53]^

![Temperature dependence of the mean worm contour length, *L*~c~ (black squares), and the relative volume fraction of the copolymer in the solution comprising worms (*x*~worm~; solid red circles) and spheres (*x*~sphere~; hollow red circles) determined by SAXS for a 5.0% w/w aqueous dispersion of a G~54~-H~140~ diblock copolymer. Lines are a guide for the eye.](ma-2018-01617p_0010){#fig10}

Above 25 °C, it was much more difficult to achieve a satisfactory fit to the data. In principle, this may indicate further morphological evolution and this tentative explanation is investigated later.

Shear-Induced Polarized Light Imaging Studies {#sec3.2}
---------------------------------------------

SIPLI is a relatively new technique has proven to be a powerful tool for studying the structural alignments and phase transitions under shear.^[@ref61],[@ref62]^ In the present work, variable-temperature SIPLI studies are used to assess the rheological behavior of the three aqueous copolymer dispersions. At 2 °C, a 5.0% w/w dispersion of G~54~-H~140~ exists as a free-flowing dispersion of spheres with an apparent viscosity of 0.1 Pa·s, which is comparable to that of water ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a). During a continuous heating ramp, the viscosity remained relatively constant up to 23 °C; thereafter, higher viscosities indicated the formation of anisotropic worms. Indeed, a characteristic Maltese cross appeared in the polarized light images ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b) at 26 °C, which indicated birefringence caused by worm alignment under shear.^[@ref61]^ The observations roughly correspond to those in the temperature-dependent SAXS study, where a population of relatively long worms (contour length \>2000 nm) is detected between 20 and 25 °C.

![(a) Viscosity vs temperature plots obtained from continuous shear rheology studies conducted on G~54~-H~140~ copolymer dispersions at concentrations of 5% w/w (green symbols), 10% w/w (blue symbols), 15% w/w (red symbols), and 20% w/w (black symbols). The shaded region indicates the temperature range in which the characteristic Maltese cross was observed during the heating cycle. For the 5% w/w worm dispersion, the Maltese cross was only visible at 26 °C. (b) SIPLI images obtained at various temperatures during a thermal cycle conducted for G~54~-H~140~ worms at copolymer concentrations of 5, 10, 15, or 20% w/w. The Maltese cross indicates birefringence, which is the result of worm alignment under a shear flow. Arrows on PLI indicate orientation of the polarizer (P) and the analyzer (A).](ma-2018-01617p_0011){#fig11}

However, the Maltese cross feature was rather weak at this relatively low copolymer concentration. It also disappeared at higher temperature, which coincided with a plateau in viscosity just below 1.0 Pa·s. On cooling, an abrupt reduction in viscosity was observed at 15 °C, indicating a worm-to-sphere transition. This dissociative process proceeds much faster than the associative formation of worms since the latter requires a cooperative mechanism (i.e., the 1D fusion of multiple spheres).

In view of the relatively poor contrast, the G~54~-H~140~ copolymer concentration was increased to 10% w/w. A similar viscosity vs temperature profile was observed, albeit with a lower onset temperature for the upturn in viscosity and a somewhat higher plateau viscosity (3 Pa·s). Moreover, more intense polarized light images were obtained between 18 and 22 °C, which coincided with the greatest increase in viscosity. At a copolymer concentration of either 15% or 20% w/w, the dispersion exhibited an apparent viscosity of 1 or 34 Pa·s, respectively, at 2 °C, which was consistent with oscillatory rheology studies ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}e). This suggests that the copolymer morphology is concentration-dependent. This phenomenon has been observed before for poly(ethylene oxide)--poly(propylene oxide) block copolymers exhibiting concentration-dependent morphology transitions.^[@ref79]^

Interestingly, in all cases, the plateau in viscosity coincided with the disappearance of the Maltese cross under these conditions, suggesting that shear-induced worm alignment is disrupted. Thus, a further SIPLI experiment was conducted on the 10% w/w G~54~-H~140~ worms at a lower angular speed of 0.08 rad s^--1^. In this case, an increase in viscosity was observed at higher temperatures, along with a distorted Maltese cross (see [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}). Both observations suggest worm branching, and this hypothesis is also consistent with a USAXS pattern recorded for a 5.0% w/w aqueous dispersion of G~54~-H~140~ worms at 35 °C (see [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf)). USAXS enables scattering at extremely low *q* to be obtained, which is a prerequisite to determine the presence of branching.^[@ref80]^ Within this pattern a transition from the *q*^--1^ regime of scattering intensity dependence to a higher gradient at *q* ∼ 0.03 nm^--1^ is noticeable. A similar result has been reported for branched worms formed by a sufactant,^[@ref80]^ but further studies are warranted to confirm both the presence and extent of worm branching.

![Viscosity vs temperature recorded for a 10% w/w G~54~-H~140~ worm gel while shearing at 1 s^--1^. Inset: SIPLI images recorded at 35, 20, and 15 °C during the temperature ramp. Arrows on PLI indicate orientation of the polarizer (P) and the analyzer (A)](ma-2018-01617p_0012){#fig12}

SIPLI experiments were also conducted on 20% w/w aqueous dispersions of G~37~-H~80~ and G~71~-H~200~ worms ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}). The former dispersion forms a free-flowing, low-viscosity liquid at 2 °C but is transformed into a viscous gel at 25 °C, with further heating to 35 °C leading to a reduction in viscosity. When sheared at an angular speed of 0.8 rad s^--1^ no birefringence was observed at 2 °C, as expected for a dispersion of spherical nanoparticles. At 25 °C, polarized light imaging revealed a partial Maltese cross for the G~37~-H~80~ dispersion, where shear alignment is only observed above a specific radial displacement from the center of the geometry. The observed boundary corresponds to a minimum shear rate required for the orientation of worms along the flow direction. This is due to the fact that the worm relaxation time (τ) is somewhat faster in comparison to the shear flow rate inside the dark central area (). As a consequence, the worm micelles are not oriented and the dispersion is nonbirefringent in the central region of the sample. The edge of the dark area corresponds to a shear rate of ∼1 s^--1^ (where ; see [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf) for further details); hence, the worm relaxation time, which is the reciprocal of the minimum shear rate required for alignment, is of the order of 1 s. A radius of the dark central area in the PLIs corresponding to G~54~-H~140~ and G~71~-H~200~ worms is very small in a comparison with the G~71~-H~200~ worms ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}b). This suggests that the boundary shear rate required for the orientation of these worms is significantly less than for G~37~-H~80~ worms and cannot be resolved in images obtained with the used angular speed. Thus, the relaxation times of thick G~54~-H~140~ and G~71~-H~200~ worms are longer than the relaxation time for the thinner G~37~-H~80~ worms.

![(a) Viscosity vs temperature plots recorded for 20% w/w aqueous dispersions of the three G~*x*~-H~*y*~ diblock copolymers examined in this study. Maltese cross symbols indicate the temperature at which maximum worm alignment was observed. (b) SIPLI images obtained at 2 °C (the first column), at the characteristic temperature where the Maltese cross was judged to be most intense (i.e., 6, 8, or 22 °C) (the second column), and at 35 °C (the third column). Arrows on PLI indicate orientation of the polarizer (P) and the analyzer (A). (c) Schematic representation of the proposed mechanism for the transition from spheres to worms to branched worms that occurs on raising the temperature from 5 to 35 °C.](ma-2018-01617p_0013){#fig13}

20% w/w aqueous dispersion of G~71~-H~200~ worms forms a viscous liquid at 2 °C but exhibits only a rather modest increase in viscosity at higher temperatures. Nevertheless, a viscosity maximum was observed at around 15 °C ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}). At 35 °C, qualitative differences were observed between the three types of copolymer worms. A faint Maltese cross was visible for G~71~-H~200~ ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}b), no cross was observed for G~54~-H~140~ worms, while an intense, distorted Maltese cross was obtained for G~37~-H~80~ worms. This suggests that longer PHPMA blocks are more hydrophobic and less plasticized by water and hence exhibit lower chain mobility. This restricts the ability of the G~71~-H~200~ worms to undergo a thermally induced morphological transition (see [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}c). Moreover, the relatively long G~71~ stabilizer block provides a more effective steric barrier to the multiple sphere--sphere fusion events that are required for efficient worm reconstitution on returning to ambient temperature. In contrast, the G~54~-H~140~ worms comprise PHPMA chains that are sufficiently mobile to undergo thermoreversible (de)gelation with minimal hysteresis as well as some degree of branching, with the latter leading to an increase in viscosity at higher temperatures under gentle shear ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}). The shorter, surfactant-like G~37~-H~80~ chains are even more mobile and hence may be able to form higher order morphologies such as lamellar sheets. This possibility warrants further study but is beyond the scope of the current work.

Worm Relaxation Studies {#sec3.3}
-----------------------

SIPLI also provides a convenient means of measuring the rate of relaxation of aligned worms on cessation of shear by timing the disappearance of the Maltese cross motif. Such time-resolved experiments were conducted over a range of temperatures for each of the three copolymer worm dispersions at 20% w/w ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}). This concentration was used since the linear worms persisted over a broad temperature range as judged by the appearance of a Maltese cross on applying shear. Furthermore, this motif was most intense in the 20% w/w samples, meaning analysis was more straightforward.

![SIPLI relaxation studies conducted on 20% w/w aqueous dispersions of G~37~-H~80~, G~54~-H~140~, and G~71~-H~200~ worms at various temperatures (20--40, 2--10, and 2--6 °C, respectively): (a--c) show the decay of the image intensity vs time after cessation of shear (the solid line represents a fit to an exponential decay); (d--f) show the temperature dependence of the characteristic half-life time, τ~1/2~, required for worm relaxation (here the solid lines are merely a guide for the eye).](ma-2018-01617p_0014){#fig14}

Dispersions were presheared continuously by parallel plate rotational geometry using angular speed of 0.8 rad s^--1^ for 60 s. After the ceasing rotation, the force which aligns the worms is removed and the worms can relax. This is observed visually by the reduction in intensity and eventual disappearance of the Maltese cross in the PLIs. Analysis of a sequence of images captured every 250 ms after stopping the shear provided a convenient means to quantify the relaxation dynamics. Using image analysis software, the sequential time-resolved images were stacked and sliced perpendicular to the imaging plane (see also [Figure S8a,b](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf) for details). By plotting the reduction in light intensity from the point of cessation of shear, a decay curve is produced ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}a--c) from which it is possible to extract a characteristic relaxation time, τ~1~, and the associated half-life time, τ~1/2~. In principle, τ~1/2~ values should depend on parameters such as mean worm contour length, worm diameter, degree of worm branching/clustering, and the overall copolymer molecular weight. Unfortunately, it would be difficult to make meaningful comparisons between the three worm dispersions examined in this study. This problem can be partially mitigated by conducting measurements over the entire temperature range for which a Maltese cross is visible. It is then assumed that this temperature range corresponds to the presence of linear worms. Within this temperature range, longer relaxation times are observed at higher temperatures, indicating the presence of longer worms.

At a certain critical temperature, the Maltese cross becomes distorted and eventually disappears, most likely indicating the formation of branched worms that cannot undergo shear-induced alignment. Similar behavior is observed for all three copolymer worms, but the absolute time scales for relaxation differ considerably. The characteristic relaxation half-lives obtained for G~37~-H~80~ worms were very short (see [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}a) with half-lives ranging from less than 0.20 s at 20 °C up to 0.80 s at 40 °C. Such findings are consistent with the estimated relaxation time of 1.0 s obtained from the SIPLI study of this copolymer dispersion (see [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf), calculated from the minimum shear rate required for worm alignment). For the G~54~-H~140~ and G~71~-H~200~ worms, the relaxation times were significantly longer ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}b,c). Thus, relaxation times ranged from less than 0.50 s at 2 °C to 8.0 s at 8 °C for G~54~-H~140~ worms and from 1.0 to 150 s for G~71~-H~200~ worms ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}e,f). In general, these observations clearly demonstrate that the copolymer molecular weight strongly influences the mean relaxation time of the assembled worms. Presumably, this reflects the larger number of interchain entanglements within the worm cores, which constrain chain mobility and hence increase the worm relaxation time.

Conclusions {#sec4}
===========

By use of an appropriate phase diagram, a series of G~x~--H~y~ diblock copolymer worms of varying copolymer molecular weight and, consequently, cross-sectional diameter can be prepared by RAFT aqueous dispersion polymerization of HPMA. This was achieved by varying the mean DP for the hydrophilic PGMA stabilizer block and then extending such macro-CTAs while targeting an appropriate DP for the hydrophobic PHPMA block. DMF GPC analysis revealed the expected systematic variation in copolymer molecular weight, while TEM and SAXS studies confirmed that a pure worm phase was obtained in each case (with a gradual increase in worm cross-sectional diameter). Importantly, the precise thermoresponsive behavior exhibited by such worms is critically dependent on their copolymer molecular weight.

DLS studies of a 0.1% w/w dispersion of G~37~-H~80~ worms reveal fully reversible worm-to-sphere and sphere-to-unimer transitions on cooling to 2 °C. In contrast, the worm-to-sphere transition observed for the G~54~-H~140~ and G~71~-H~200~ at the same concentration proved to be *irreversible* over the experimental time scale, with no evidence for the sphere-to-worm transition occurring on reverse heating. At a copolymer concentration of 10% w/w, rheology studies demonstrated that (de)gelation was fully reversible for G~37~-H~80~ and G~54~-H~140~ but irreversible for G~71~-H~200~. Increasing the copolymer concentration to 20% w/w produced a reversible thermal transition in each case. However, the gel moduli were independent of copolymer molecular weight under these conditions, suggesting that this parameter is primarily determined by interworm interactions and/or the bulk modulus of the worm cores. Much slower thermal transitions occur when using longer PHPMA blocks, which is consistent with the irreversible degelation behavior observed for a series of closely related PEG-PHPMA block copolymers. Hence, with the benefit of hindsight, our earlier reports of rapid thermoreversible gelation, which has potential biomedical applications,^[@ref43],[@ref55],[@ref58],[@ref59]^ were somewhat serendipitous.

SAXS studies confirmed that the worm-to-sphere transition for the G~54~-H~140~ nano-objects is reversible at copolymer concentrations as low as 0.5% w/w if a sufficiently long equilibration time is allowed. SAXS patterns recorded from 5 to 25 °C for a 5.0% w/w aqueous dispersion of G~54~-H~140~ worms could be satisfactorily fitted using a "sphere plus worm" two-population model. This analysis indicated that worms grow longer at the expense of the spheres at higher temperature. This suggests that the sphere-to-worm transition most likely occurs via 1D sphere--worm fusion. Continuous shear rheology measurements indicate a maximum in dispersion viscosity at 22 °C, which is attributed to an increase in worm contour length and worm volume fraction. The lower viscosities observed above 22 °C coincide with an apparent reduction in the worm contour length indicated by SAXS, but additional USAXS data provide evidence for worm branching. This is consistent with SIPLI studies, which indicate an upturn in viscosity at low shear rates. Finally, relaxation studies indicate that the copolymer molecular weight (and hence worm cross-sectional diameter) is an important parameter: relatively thin G~37~-H~80~ worms relax much faster after their shear alignment (half-life \<1 s) than relatively thick G~71~-H~200~ worms (half-lives ∼10--150 s).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.macromol.8b01617](http://pubs.acs.org/doi/abs/10.1021/acs.macromol.8b01617).Summary table for G~*x*~ macro-CTAs; NMR spectra; oscillatory rheology frequency sweeps; additional SAXS and USAXS patterns; SIPLI image processing and SAXS model details ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01617/suppl_file/ma8b01617_si_001.pdf))
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